The optimization of immune responses (IR) induced by HIV DNA vaccines in humans is
The development of a vaccine that substantially decreases the viral load set points and reduces the transmission of HIV-1 appears to be the long-term solution to control the persistently growing epidemic of this virus in the world (10) . In the past, vaccines against challenging infectious diseases, including smallpox, polio, measles, and yellow fever, have been the most effective strategies for fighting these human pandemics. However, and unlike these traditional vaccines that mostly rely on the production of neutralizing antibodies (Abs) for protection from pathogenic infections, the control of HIV infection strongly depends on the development of high-frequency, broadly targeted, polyfunctional T-cell responses specific to the virus (11, 28, 45) . Live-attenuated simian immunodeficiency virus (SIV)/HIV vaccines so far have been the best inducers of potent T-cell responses that correlate with protection against AIDS following challenge with pathogenic strains in nonhuman primate (NHP) models (24, 39, 47, 61) , although the exact correlates of such protection remain to be fully delineated. However, the persistence, integration, and possible reversion to pathogenic forms of these replication-competent vaccines comprise a risk that will not be acceptable for their use in humans.
Instead, the use of DNA-based vaccines as a strategy to induce protective responses to control infectious diseases, including HIV-1/AIDS, is very attractive, based on its safety, the absence of infection even in immunocompromised recipients, and its capacity to induce both humoral and T-cell immune responses. For many years, numerous plasmid DNAs encoding HIV proteins have been developed and tested in animal models, and some of them have been tested in humans (14, 18, 42, 49) . However, unlike that in rodents, the immune responses induced in humans and NHPs by these DNA vaccines were dramatically weak despite successive immunizations with multiple doses of DNA (30) . To circumvent this limitation, new strategies currently are used to improve the immunogenicity of DNA vaccines, including the incorporation of signal-to-target dendritic cells (43) , the codon optimization of HIV antigens (Ag) (14) , the coexpression of adjuvant (15) , and new tools that optimize the delivery of DNA in target cells in the muscle (34) .
We have developed a noninfectious DNA vaccine derived from the highly pathogenic SHIV KU2 expressing seven proteins of HIV under the control of the SIV 5Ј long terminal repeat (LTR) promoter (35) . This design mimics the natural expression of the viral proteins and leads to the formation of numerous viral-like particles that are extruded out of expressing cells (4) . Repeated low-dose immunizations with this vaccine without heterologous boost protected macaques from progression to AIDS following challenge with pathogenic SHIV.
However, enzyme-linked immunospot (ELISPOT) assay responses to HIV antigens before challenge were sporadic and weak (35, 54) . In contrast, T-cell responses specific to HIV antigens induced by our construct in immunized mice were substantially higher (21) . Using the mouse model, we developed a more sensitive immunity-monitoring assay that measures proliferative capacity, cytotoxic potential, and other immune functions (gamma interferon [IFN-␥] and interleukin-2 [IL-2] secretion) and provides more robust indications regarding the immunogenicity induced by the vaccine. We reported that the intramuscular immunization of mice with a single dose of this HIV DNA vaccine induced long-lasting and polyfunctional CD8
ϩ T-cell responses directed against all HIV antigens expressed by the construct. Interestingly, in the absence of any additional immunization, we observed a primary peak of immune responses (IR) within 2 to 4 weeks postinfection (p.i.), followed by a contraction phase and then the late reemergence of responses after 14 to 20 weeks p.i. and lasting until the end of the experiment (more than 63 weeks p.i.). This is a typical pattern of vaccine-specific T-cell responses induced by nonpersistent vectors that progressively elicit secondary lymphoid tissue-based memory T cells as the expressed antigen becomes rare (9, 38, 58) . Importantly, the major proportion of these HIV-specific CD8 ϩ T cells was not producing IFN-␥ but proliferated vigorously following antigen stimulation and produced the lytic molecule granzyme B (5). The contribution of this type of antigen-specific T cell to viral control remains to be fully elucidated.
The surprising lack of efficacy of the human STEP trial conducted by Merck using the Ad-5 vectors expressing HIV antigens that elicit sustained effector T-cell responses has been disappointing for strategies designed to induce T-cell responses to prevent HIV-1 infections (29, 48, 53, 59 ). However, we learned from this failure that the characteristics of the T-cell responses induced by candidate vaccines could be critical for immediate as well as long-term protection (20) . To address this issue, we developed a multiparametric flow-cytometric assay in the NHP model that was similar to that used in the mouse model. Using this assay, we performed a longitudinal characterization of HIV-specific T-cell IR induced in rhesus macaques immunized with a single high dose of ⌬4SHIV KU2 DNA vaccine given intramuscularly (i.m.). We also assessed the antibody responses against HIV antigens. We also addressed potential safety concerns, since this is the first report using one high dose of DNA in NHP, and we tested the animals for the integration of the vaccine genome into that of the circulating mononuclear cells and assessed whether anti-DNA antibodies were produced in all immunized monkeys.
MATERIALS AND METHODS
HIV peptides. Overlapping 15-mer peptides, with 11-amino-acid (aa) overlaps, spanning the entire molecules of HIV Gag, Env, Tat, Rev, and Nef proteins were obtained from the National Institutes of Health AIDS Research and Reference Reagent Program (catalog nos. 8117, 6451, 5138, 6445, and 5189, respectively). These peptides are based on consensus sequences from clade B HIV genomes. Our HIV DNA vaccine encodes Gag and Nef from the SF2 HIV strain and Tat, Rev, and Env from the HXB2 HIV strain (5, 35) . These two strains both are clade B viruses.
Animals. Five 3-to 5-year-old Indian rhesus macaques were purchased and housed in the Laboratory Animal Resources of the University of Kansas Medical Center. All macaques were used in accordance with National Institutes of Health and the University of Kansas Medical Center Institutional Animal Care and Use Committee guidelines.
Vaccine ⌬4SHIV KU2 and IL-15 plasmid DNAs. The construction procedures of SHIV KU2 plasmid DNA have been described earlier (36) . The inserted sequences were derived from SHIV KU2 (GenBank accession no. AY751799) and from HIV-1 SF2. The strategy of the construction of ⌬4SHIV KU2 plasmid DNA has been described previously (21, 35, 54) . This construct carries vpx and vpr genes of SIVmac239 and gag, pro, vpu, tat, rev, env, and nef genes of HIV-1 under the transcriptional control of the SIV 5Ј LTR promoter and the poly(A) sequences of simian virus 40 (SV40). The reverse transcriptase integrase and vif genes and the 3ЈLTR were removed from the SHIV KU2 genome.
The rmamuIL-15 plasmid was kindly provided by François Villinger (Resource for NHP Immune Reagents, Emory University, Atlanta, GA). The detailed construction of this plasmid designed for expression in rhesus macaque IL-15 has been reported previously (15, 57) . DNA of this plasmid was prepared under conditions similar to those used for the isolation of ⌬4SHIV KU2 DNA. At week 45 p.i. of macaque AL49 with ⌬4SHIV KU2 , this animal was injected with a 5-mg single dose of IL-15 expression plasmid delivered by the i.m. route.
Inoculation of macaques. Macaques were inoculated i.m. with a single dose of 30 mg of DNA vaccine at a 6-mg/ml concentration. Endotoxin-free vaccine DNA was produced using a BIOFLO 110 modular Fermentor (New Brunswick Scientific) that routinely produced high yields of DNA following plasmid DNA extraction using the standard methods with the Qiagen Giga kit. All DNAs used to inject the macaques contained at least 90% of the supercoiled (ccc) form of plasmid. DNA solution was prepared in 5 ml of phosphate-buffered saline (PBS) (0.1 M [pH 7.4]) and injected intramuscularly at 10 different sites of the rear legs using a 21-gauge needle.
Processing of blood for plasma and PBMC isolations. Peripheral blood collected by venipuncture in EDTA or sodium heparin-coated tubes was centrifuged to separate plasma and blood cells. Plasma was frozen and used for the detection of antibodies against HIV proteins and autoantibodies against DNA. Peripheral blood mononuclear cells (PBMCs) were isolated from Buffy coats by centrifugation through Ficoll-Hypaque density gradients. Cells then were divided in three fractions and used to extract DNA for the detection of integrated DNA to perform ELISPOT and multiparametric flow-cytometry assays.
Detection of IFN-␥-producing cells by ELISPOT assay. We used the quantitative ELISPOT assay, as we previously described in Yankee et al. (64) , to evaluate IFN-␥-producing PBMCs in response to groups of overlapping peptides. Millipore multiscreen Immobilon-P opaque hydrophobic high-proteinbinding 96-well plates (0.45 m) were coated with anti-monkey IFN-␥ (Mabtech). Cells then were incubated for 18 h at 37°C with medium alone (used as negative control), medium containing peptides, or medium containing concanavalin A (used as a positive control). Cells were washed away, and the membranes were rinsed three times with PBS prior to 3 h of incubation at room temperature with 50 l of biotinylated anti-IFN-␥ antibodies (2 g/ml) (Mabtech). After six successive rinses, the membranes were incubated for 1 h at room temperature with 50 l of Vectastain AB (Vector Laboratories). Color development was performed by the addition of 100 l/well of Nova-Red, incubation for 4 min at room temperature, and then a final rinse with running tap water. Spot-forming IFN-␥-excreting cells (SFC) were counted with a stereomicroscope and reported as the number of spots/10 6 PBMC. The cutoff for positivity in this assay was Ͼ12 SFC/million PBMCs. This corresponds to the average of spots obtained in cultured medium controls Ϯ three standard deviations (SD) (i.e., three times the value of the SD).
Flow-cytometry assays for HIV-specific immune T cells. Polychromatic (six-to seven-color) flow-cytometry analysis was performed on a three-laser BD LSRII instrument with standard setup. Data files were collected and analyzed using the FACSDiva software program (version 4.1.2; BD Biosciences). To monitor the expansion and proliferation of HIV-specific T cells, carboxy fluoroscein succinimidyl ester (CFSE) (10 7 cells/ml in 1 M CFSE for 10 min at 37°C; Molecular Probes)-labeled PBMCs were seeded in deep-well tissue culture plates (96 wells; Nunc) at a density of 2 ϫ 10 6 cells/well in 1 ml of serum-free medium (AIM V; Invitrogen) alone or loaded with 2 g/ml of HIV peptides and incubated for 5 days at 37°C. After 5 days of incubation, cells were restimulated for 6 h with medium only or by adding relevant HIV peptides in the presence of 0.5 g/ml of costimulatory CD28 (clone 37.51) and CD49 (clone 9F10) monoclonal antibodies (MAbs), as well as brefeldin A (Sigma-Aldrich). Cells then were washed and stained with Alexa Fluor 405-conjugated anti-CD3 (clone SP34-2), allophycocyanin-Cy7-conjugated anti-CD8 (clone SK1), and phycoerythrin (PE)-conjugated anti-CD4 (clone L200) MAbs for 20 min at 4°C. Additionally, ethidium monoazide (EMA; Molecular Probes) was added at 0.5 g/ml during the surfacelabeling step to allow the exclusion of dead cells in samples that have been cultured for 5 days and restimulated for 6 h. In such a case, all samples were exposed to light for 15 min at room temperature to allow EMA to covalently link to the DNA in dead cells prior to permeabilization. The cells then were fixed/ permeabilized (Cytofix/Cytoperm Plus; BD Biosciences) and stained with PECy7-conjugated anti-IFN-␥ (clone B27) and/or Alexa 647-conjugated anti-granzyme B (clone GB11) MAbs for 30 min at room temperature. Cells were washed again (Perm/Wash; BD Biosciences), fixed in 1% paraformaldehyde in PBS, and stored at 4°C until flow-cytometry analysis. All Abs were purchased from BD Biosciences. For each experiment, unstained and all single-color controls were processed to allow proper compensation as well as all-fluorescence-minus-one controls to determine proper population gates. Each analysis was gated on low forward and side scatter lymphocytes (FSC/SSC), EMA Ϫ , and CD3 ϩ and a high CD8 ϩ or CD4 ϩ population to allow the collection of 25,000 to 50,000 CD8 ϩ events (Ͼ10 6 total events). Data were displayed as two-color or density dot plots to measure the proportion of the single-positive or double-positive cells in the highly CD3
ϩ CD8 ϩ population (orange) or CD3 ϩ CD4 ϩ population (blue). Bioexponential display also was used to show each population in its entirety.
Assays to detect anti-HIV and anti-DNA antibodies. To examine whether immunized animals have developed specific antibodies to HIV, we used a commercial enzyme-linked immunosorbent assay (ELISA) kit for the detection of HIV-1 and HIV-2 Abs (BioChain Institute). To examine whether DNA immunization has induced autoimmune anti-DNA responses, we also used a commercial kit that detects anti-double-stranded DNA (dsDNA) Abs (Diagnostic Automation). Plasma samples from macaques were diluted between 1/50 and 1/400 by serial 2-fold dilutions and were used in duplicate to load 96-well polystyrene plates precoated with either HIV antigens for HIV Ab detection or purified dsDNA for anti-DNA Ab detection. Mixtures were incubated for 30 min at 37°C, and then unbound material was washed away. A secondary Ab, horseradish peroxidase (HRP)-conjugated goat anti-human immunoglobulin G (IgG), was added and incubated for 30 min (as recommended by the supplier) and detected with the addition of peroxidase substrate.
Sera from patients diagnosed with HIV or systemic lupus erythematosus (SLE) or from healthy donors were provided by each manufacturer and used as positive and negative controls, respectively. As additional controls we also used stored samples from SIV-infected rhesus macaques. For the anti-HIV Ab kit, the cutoff value calculation (COV) was equal to the average OD (optical density) of negative controls ϩ 0.1, and the OD at 450 nm (OD 450 ) of the sample is positive when the value is greater than the COV. For the detection of anti-DNA Abs, the results were calculated as (IU of calibrator/OD of calibrator) ϫ OD of test sample. A positive response is indicated by Ͼ25 IU.
Both assays were read at 450 nm using an Dynatech MR4000 ELISA reader instrument.
Quantitative PCR for detection of plasmid DNA integration. DNA was extracted from PBMCs (10 ϫ 10 6 ) of immunized macaques throughout the 49 weeks after immunization using Qiagen DNA isolation reagents. DNA copy numbers were determined by real-time PCR using specific gag primers (sense, 5Ј-GCA GAG GAG GAA ATT ACC CAG TAC-3Ј; antisense, 5Ј-CAA TTT TAC CCA GGC ATT TAA TGT T-3Ј) and TaqMan probe (6-carboxyfluoresc ein-TGT CCA CCT GCC ATT AAG CCC GA-carboxytetramethylrhodamine) and universal PCR Mastermix (Applied Biosystems) in duplicate 25-l reaction mixtures in the ABI PRISM 7700 Sequence Detection System. Proviral copy numbers were normalized to the quantity of total cellular DNA used in the reaction. DNA real-time conditions were the same as those described by Smith et al. (55) . Serial 10-fold dilutions of cloned HIV gag plasmid of more than six orders of magnitude were used as standards. The minimum detectable level of proviral DNA was 30 copies.
RESULTS

IFN-␥ ELISPOT assay responses induced by a single dose of
⌬4SHIV KU2 DNA vaccine. Our DNA vaccine derived from the pathogenic SHIV KU2 is noninfectious, is replication defective, and expresses seven HIV proteins under the control of the SIV 5Ј LTR promoter (21) . A single dose of intramuscular immunization with this vaccine induced sustained and polyfunctional T-cell responses against all expressed HIV antigens in mice (5) . In this study, we evaluated whether similar responses could be induced in a nonhuman primate model using a single dose of HIV DNA vaccine. Since the optimal dose used in mice was 1 mg of DNA per 100 g of body weight, we estimated that the equivalent dose for immunizing macaques would be 30 to 50 mg of DNA. We first tested this single high dose to immunize one rhesus macaque (identified as AL49) with 30 mg of ⌬4SHIV KU2 DNA injected intramuscularly. We then used the classical IFN-␥ ELISPOT assay to examine whether this dose induced detectable T-cell responses, which generally are not seen after a single plasmid DNA immunization (31) . As shown in Fig. 1 , substantial numbers of IFN-␥-producing cells in response to stimulation with a single pool of HIV peptides encompassing the entire Gag protein were observed repeatedly in PBMC samples of this macaque over time. This response was detected as early as 2 weeks p.i., peaked at 3 weeks p.i. to reach 120 spots/10 6 , and declined but persisted to at least 26 weeks p.i. This is in striking contrast with the commonly weak or not detectable Gag responses that we and others have observed even following successive DNA immunizations of macaques in the absence of heterologous boost (35, 62) . This result clearly demonstrated that the use of a single high dose of our DNA vaccine resulted in a substantial increase of the proportion of T-cell responses specific to HIV Gag antigens without any subsequent boost in an NHP model.
Broad, polyfunctional, and persistent CD8 ؉ T-cell responses induced by a single dose of ⌬4SHIV KU2 DNA vaccine in macaques. In mice, we previously found that a single dose of the ⌬4SHIV KU2 DNA vaccine mostly induced HIV-specific CD8 ϩ T cells that did not produce IFN-␥ but proliferated vigorously in response to HIV antigen stimulation and produced the lytic molecule granzyme B (5). In the present study, we developed a novel and highly sensitive multiparametric flow-cytometry assay similar to the one we used with mice. We first used this test to examine the characteristics of T-cell responses found in the immunized animal (AL49) that showed substantial IFN-␥ ELISPOT responses. Pools of peptides specific for Gag, Env, and the combination of Tat ϩ Rev ϩ Nef (TRN) were used as antigens for in vitro cell stimulation. The expansion of Ag-specific T cells using CFSE labeling, their phenotyping, and the assessment of their capacity to accumulate intracellular IFN-␥ and/or granzyme B were performed as described in Materials and Methods. 
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As shown in Fig. 2A , EMA Ϫ CD3 ϩ CD8 ϩ T cells exhibited vigorous proliferative capacity against the three pools of HIVspecific antigens. Interestingly, similarly to our previously reported data using the mouse model, the vast majority (more than 95%) of the proliferating T cells did not produce detectable IFN-␥ upon restimulation. At 28 weeks p.i., 5% of total CD3 ϩ CD8 ϩ T cells proliferated, but only 0.2% produced IFN-␥ in response to TRN peptides. A similar response was measured against Gag, showing that 5.7% of the CD3 ϩ CD8 ϩ T-cell population proliferated, while only 0.3% produced IFN-␥. The highest response was measured against Env, with 19% of total CD3 ϩ CD8 ϩ T cells proliferating but only 0.2% producing IFN-␥. Taken together, these data demonstrated that 7 months after the single high-dose plasmid DNA immunization and in the absence of any additional boost, macaque AL49 contained a pool of HIV-specific CD8 ϩ T cells in the peripheral blood that rapidly expanded ex vivo in the presence of HIV antigens and represented up to 30% of total CD8 ϩ T cells.
To further characterize these HIV-specific proliferating T cells, we examined their content of lytic proteins by staining the cells for granzyme B. As shown in Fig. 2B , all Gag-specific proliferating CD3
ϩ CD8 ϩ T cells were found to express granzyme B. Similar results were obtained for Env and TRN antigens (data not shown). Similarly to our previously reported data with the mouse model, the present data confirmed in NHP that a high proportion of HIV-specific CD3 ϩ CD8 ϩ T cells induced by ⌬4SHIV KU2 exert cytotoxic activity in the absence of IFN-␥. In the present study, we did not examine the cytotoxic activity of these cells; however, in our previous study we demonstrated that expanded HIV-specific CD8 ϩ T cells from HIV-infected patients that express granzyme or perforin (Perf) exert cytotoxic activity (3).
To determine whether this type of vaccine-induced response was reproducible, we used the same protocol to immunize four additional rhesus macaques, two at the time, using the same single dose of 30 mg of ⌬4SHIV KU2 DNA vaccine. All four immunized animals were monitored weekly for the first 4 weeks to detect and characterize the vaccine-induced T-cell responses using the multiparametric flow-cytometry analysis. In addition, similarly to the AL49 animal, two of these animals (AI99 and AJ07) also were examined at later time points (weeks 12 to 23 [W12 to W23]). Because of the limited blood samples that we can obtain weekly from immunized animals, we prioritized the responses specific to Gag.
Samples collected from each macaque before DNA injection were used to establish in our experimental conditions the threshold that helps to distinguish the random noise for PBMCs from each animal from the true proliferation values due to the specificity of the responses against HIV antigens. The threshold of unspecific proliferative response was determined based on the analysis of data from samples cultured in medium for 5 days and then stimulated with HIV Ag for 6 h as well as samples cultured in HIV Ag for 5 days and then restimulated with HIV Ag for an additional 6 h from unvaccinated animals. The threshold of unspecific proliferative response was found to be 0.25%, and that of unspecific IFN-␥ secretion was 0.01%. In our conditions, Ag-specific proliferative responses above 0.25% were considered positive. In addition, we systematically included, at each time point, samples of cells from each vaccinated animal that were incubated with complete medium alone (for 5 days) and then HIV Ags (for 6 h) and were used as internal controls to determine the background responses. The values of these background responses then were subtracted from those of measured Ag-specific proliferative responses. The background values of spontaneous proliferation among these five animals ranged from 0.1 to 6.0% (median ϭ 3.6%; n ϭ 28). However, unlike rodents, which are raised in pathogen-free conditions and consequently generate minimal background in this type of experiment, macaques may have unapparent nonpathogenic infections that generate increased background responses. At one time point, we obtained a high proliferative background (12% CFSE-low IFN Ϫ CD8 ϩ T cells) with samples from macaque AL49 at W28 p.i. (Fig. 2A) with medium for 5 days and then Gag for 6 h that might reflect this type of infection, in which the proliferation of CD8 ϩ T cells is promoted by components in the medium. This cross-sensitivity overlapped the proliferative responses and may have resulted in the decrease of the true antigen-specific proliferative responses.
Characteristic results obtained at the initial peak of the IR are shown in Fig. 3A for animals AR15 and AI99. Results of sequential samples for all four macaques (AR15, AR09, AI99 and AJ07) are summarized in Fig. 3B . These results clearly show that each one of the immunized animals was able to mount Gag-specific CD8 ϩ T-cell responses within the first 4 weeks following immunization. The proportion of Gag-specific proliferative CD8 ϩ T cells was found to be between 2.0 and 5.7% of total CD8
ϩ T cells at the initial peak of the IR. In addition, similarly to our previously reported data with the mouse model and those observed here with macaque AL49, only a minor fraction (0.1 to 0.4%) of these proliferative T cells were producing IFN-␥ upon restimulation. However, all HIVspecific CD8 ϩ T cells contained lytic granzyme B molecules, as shown in Fig. 2B . In addition, at two time points we collected larger volumes of blood from immunized animals, and we examined the expression of IL-2 and MIP-1␤ cytokines. While no IL-2 secretion was detected in any of these samples, all HIV-specific CD8 ϩ T cells were found to express MIP-1␤ (data not shown). Interestingly, the examination of the profile
FIG. 3. Longitudinal analysis of polyfunctional Gag-specific CD8
ϩ T-cell responses in four additional vaccinated macaques. Macaques AR15, AR09, AI99, and AJ07 were immunized with 30 mg ⌬4SHIV KU2 . At the indicated preimmunization and postimmunization times, PBMCs were labeled with CFSE, cultured, restimulated, and stained using the same procedure as that described in the legend of Fig. 2. (A) The proportion of cells producing IFN-␥ (contour plot, upper number) and proliferating (CFSE dilution; contour plot, lower number) in response to specific antigens are presented for two representative macaques at the preimmunization time point and at the peak of vaccine-induced IR (between 2 and 4 weeks p.i.). (B) Summary of the frequency of proliferating-only (CFSE low) as well as proliferating and IFN-␥-producing (CFSE low IFN-␥ ϩ ) Gag-specific CD8 ϩ T cells detected in each immunized animal following weeks of immunization.
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of Gag T-cell responses up to 5 months p.i. for macaques AI99 and AJ07 clearly identified an initial expansion followed by contraction phases of HIV-specific T-cell responses, ending with a reproducible late reemergence in blood, as observed in macaque AL49 and seen in mice. The mechanisms underlying this observation are unclear at present but suggest an ability of the primary Gag-specific CD8 ϩ T cells to constitute a pool of memory T cells that were able to generate secondary Gagspecific CD8
ϩ circulating T-cell responses with features similar to those of the primary response (e.g., the coexistence of two populations of secondary IFN-␥-producer and non-IFN-␥-producer CD8 ϩ T cells, both with vigorous proliferative capacities). Importantly, this occurred in the absence of any additional boost.
In addition, when the collection of larger samples of blood was possible at the time of the initial peak of the primary IR and the late reemergence, we examined the proliferative responses against the other HIV Ags expressed by our DNA vaccine using Env and a combination of TRN peptides. We found that EMA Ϫ CD3 ϩ CD8 ϩ T cells exhibit vigorous proliferative capacity against all HIV-specific antigens (Fig. 4) . Among all five animals, the response measured against Env ranged from 2.4 to 13% at the time of the primary IR and 8.0 to 19% of total CD3 ϩ CD8 ϩ T cells at the time of reemergence. The responses against TRN antigens were between 0.7 and 7.0% during the primary phase and 1.5 and 6.3% at the reemergence phase. Taken together, these data demonstrate that 6 to 7 months after the single immunization, vaccinated macaques developed and maintained between 13 and 30% CD8 ϩ T cells that react to multiple HIV antigens, with a vast majority of cells responding to Gag and Env.
Overall, these results lead to the first demonstration that a single high dose of our HIV DNA vaccine induces broad, long-lasting, and polyfunctional CD8 ϩ T cell responses against Gag and other HIV antigens in all five vaccinated rhesus macaques.
Functional recall memory to HIV Gag in response to IL-15 plasmid DNA injection. The expansion and contraction phases observed in our study classically are associated with the development of Ag-specific CD8 ϩ T-cell responses. However, the late reemergence of HIV-specific CD8 ϩ T cells observed after week 30 p.i. is intriguing. To examine the persistence of this secondary response, we extended our longitudinal study up to 45 weeks p.i. for the macaque AL49. As shown in Fig. 5A and B, Gag-specific CD8 ϩ T-cell responses became undetectable in the peripheral blood of this animal at week 40 p.i. We hypothesized that Gag-specific memory CD8
ϩ T cells hide in lymphatic reservoir organs after such an extensive absence of viral antigen expression. To test this hypothesis, we chose to inject this animal with 5 mg of IL-15 plasmid i.m., expecting that IL-15 would mobilize and expand resting memory T cells in the periphery. This is exactly what we observed. Two weeks following IL-15 plasmid injection, marked frequencies of detectable Gag-specific CD8 ϩ T cells reemerged in the peripheral blood in a proportion similar to that detected at week 28 p.i. (Fig. 5A and B ; other antigens were not tested), suggesting that these memory cells can be mobilized very rapidly given adequate homeostatic signals. Similarly to the present study, in an earlier mouse study we used the same HIV DNA vaccine for immunization, but a mouse-IL-15 expression plasmid (pmIL-15) was given to only one immunized group at the time the HIV-specific CD8 ϩ T-cell responses became undetectable. We observed that the reemergence of immune responses occurred only in mice that received pmIL-15 DNA (our unpublished data). This result clearly indicated that the reemergence of IR was specific to IL-15 injection.
Taken together, these results indicated that an injection of a single dose of our HIV DNA vaccine allows the development of polyfunctional Gag-specific CD8 ϩ T cells that demonstrated strong functional recall memory capacity in response to IL-15 cytokine.
Vaccine-induced CD4 ؉ T-cell and B cell responses. Since we included CD4 staining in our multiparametric flow cytometry analysis, we also examined vaccine-induced CD4 ϩ T-cell responses. As summarized in Fig. 6 , Ag-specific CD4 ϩ T cells were detected against all HIV antigens expressed by the vaccine. Similarly to CD8 ϩ T cells, CD4 ϩ T cells also exhibited strong proliferative responses following stimulation with HIVspecific Ags, and only a minor fraction secreted IFN-␥ (Fig.  6A) . Interestingly, the magnitude of CD4 ϩ T-cell proliferative responses paralleled the CD8 ϩ T-cell findings, with an initial peak response followed by contraction and the late reemergence of antigen-specific T cells in blood, although the kinetics of antigen-specific CD4 ϩ and CD8 ϩ T-cell responses were not synchronized. The proportion of cells that responded to Env ranged from 2.1 to 4.8% during the primary IR and 3.3 to 4.0%
FIG. 4. Proliferative CD8
ϩ T-cell responses in response to other HIV antigens. At the peak (between 2 and 4 weeks p.i.) and late reemergence (between 23 and 28 weeks p.i.) phases of induced IR, larger amounts of PBMCs were obtained for all five immunized macaques to examine the proliferative responses to all three pools of peptides. PBMCs were labeled with CFSE, cultured, restimulated, and stained using the procedure described in the legend to Fig. 2 . Summaries of the frequencies of proliferating-only (CFSE low) Gag (green bar), Env (red), and TRN (blue)-specific CD8 ϩ T cells detected in each immunized animal are displayed.
of total CD3
ϩ CD4 ϩ T cells during the reemergence of the response. Smaller proportions of Gag-specific cells were detected ranging from 0.2 to 1.9% during the initial peak of the IR and from 1.5 to 3.0% of total CD3 ϩ CD4 ϩ T cells during the reemergence of the response. The proportion of cells specific to TRN antigens ranged from 1.2 to 2.2% during the initial phase and from 3.3 to 3.7% of total CD3 ϩ CD4 ϩ T cells at the reemergence phase of the response. Overall, these results demonstrated that macaques immunized with a single dose of our HIV DNA vaccine, in the absence of any additional boost, developed and maintained CD4 ϩ T cells that may expand to reach a proportion of 8.5 to 10% in response to HIV antigens. The vast majority of responding cells are directed against Env and TRN antigens.
With respect to B cell responses induced by our DNA vaccine, we used preimmune and postimmune sera from all immunized macaques to examine the presence of total anti-HIV antibodies by a sensitive ELISA. While sera from SHIV-infected animals used as positive controls all exhibited strong positive ELISA values, none of the macaque sera collected between weeks 0 and 45 were found to contain any detectable anti-HIV antibodies (data not shown), suggesting that heterologous booster immunizations likely would be needed to generate such responses.
Safety issues: plasmid integration and anti-DNA Ab response. Two main questions were addressed with respect to the safety of injecting a high dose of our DNA vaccine: (i) the integration of plasmid DNA in circulating mononuclear cells, and (ii) the induction of autoimmunity against injected DNA. To examine whether the injection of vaccine DNA was associated with systemic integration into the genome of host peripheral mononuclear cells, DNA samples were isolated from PBMCs of immunized animals at various time points from W0 to W45 p.i. and were used to detect the vaccine genome using the sensitive real-time PCR assay. Results (not shown) demonstrated that none of the animals contained integrated plasmid of the vaccine, while samples of SHIV-infected animals provided easily detectable provirus signals.
In addition, using a sensitive commercial anti-DNA antibody ELISA kit, we evaluated whether the injection of a high dose Taken together, these results indicated that the single high dose of vaccine plasmid DNA was associated neither with systemic DNA integrations nor with autoantibody responses to DNA, suggesting that its use as a vaccine is safe.
DISCUSSION
Plasmid DNA vaccines against highly pathogenic agents are considered safe and highly versatile immunogens for humans and animals. However, HIV DNA vaccine candidates alone were found to be relatively poor immunogens in humans compared to viral vectors (49) . Therefore, strategies based on DNA prime or multiprime and boost(s) either with protein or recombinant viruses have been developed extensively in animal models and humans. Nevertheless, the immune responses that were monitored mainly were those induced by the boost(s), and the tools used to make such assessments mostly were IFN-␥ ELISPOT and intracellular cytokine analyses. While these tools have been informative, one has to keep in mind that the logistics of prime-boost immunization on a large scale will be daunting, and although the cost of manufacture for any vaccine may be a fundamental issue, the need for accessing a patient multiple times is likely a greater challenge. It therefore is imperative that a vaccine be developed with a single immunization modality and a minimal number of boosters, if any. However, to monitor such immunization, it is becoming evident that more comprehensive immune analyses are needed (1) . Accordingly, we and others (5, 14, 23) have shown that the use of a more sensitive assay that simultaneously measures proliferative capacity, cytotoxic content, and other immune functions (IFN-␥, IL-2, tumor necrosis factor alpha, and MIP-1␤) helps to better characterize the induced T-cell responses to better define the immunogenicity of vaccine candidates.
Using this approach, we revisited the immune responses induced by our HIV DNA vaccine, ⌬4SHIV KU2 , which has proven to be efficacious against SHIV challenge following repeated low-dose injections in cynomolgus macaques. Our objectives were 2-fold: first, to use a single high dose of DNA vaccine, like we previously did in rodents, and second, to better characterize the type of immune T cells induced by this DNA in NHP. HIV DNA immunogens commonly induce potent HIV-specific T-cell responses in rodents, but in NHP and humans, CD8
ϩ T-cell responses remain consistently weak or undetectable, particularly after a primary immunization. Nevertheless, studies of the nature of protective responses against HIV and SIV indicated that the magnitude and breadth of CD8 ϩ T-cell responses to Gag and other HIV antigens correlate with the control of virus replication (26, 28, 65) . Using first the mouse model, we reported that a single-dose injection of ⌬4SHIV KU2 induced long-lasting and polyfunctional CD8 ϩ T-cell responses against all HIV antigens with substantial responses toward Gag (5). Recently, Liu et al. (33) also demonstrated that, compared to a lower dose, a single high dose of DNA showed a greater-than 10-fold increase in anti-Gag-specific CD8
ϩ T-cell responses in mice. In humans, the administration of a high dose of DNA alone (7.2 mg) given intramuscularly increased the magnitude and quality of T-cell responses (8) . In this report, we also demonstrated that, similarly to the
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ϩ T-cell responses in immunized macaques. For all five vaccinated macaques, PBMCs were processed and labeled at the peak (between 2 and 4 weeks following immunization) and late reemergence (between 23 and 28 weeks following immunization) phases of vaccine-induced IR using the procedure described in the legend to mouse model, a single high dose of our vaccine injected intramuscularly in macaques induced strong, long-lasting, and polyfunctional CD8 ϩ T cell responses to all HIV antigens expressed by the construct. Taken together, these results strongly suggest that the previous failure of the detection of T-cell responses in NHP and humans resulted from insufficient doses of DNA vaccines leading to inefficient antigen expression. In addition, our data reemphasized the importance of the dose in the kinetics of primary T-cell IR as well as their memorization in the absence of any additional boost with HIV antigens. However, even though this high dose has provided a proof of principle in NHP, it might be difficult to transpose it to humans. So far, investigators have focused on alternative approaches to keep the amount of DNA small but increase the DNA uptake. Interestingly, in vivo electroporation (EP) has been shown to augment the immunogenicity of plasmid DNA and allowed a more-than 10-fold reduction in vaccine dose (34) . Indeed, EP has been used commonly in basic research for many years to introduce DNA into recipient cells in vitro. This technology recently has been adapted for the in vivo gene transfer of DNA vaccines and therapeutic plasmids to the skin, muscle, tumors, and other tissues and has resulted in high levels of protein expression in many species, including humans (6, 13, 32, 50) . It will be interesting to evaluate whether such a route of immunization will help to reduce the amount of DNA given without altering the quantitative and qualitative characteristics of the induced IR. As an additional mechanism, using our HIV DNA construct we emphasized in a recent report the importance of induced cell death in the generation of Gagspecific CD8 ϩ T-cell responses (4) . Such an event commonly is associated with electroporation methods (7, 22, 46, 56, 60) , likely contributing to the cross-presentation of apoptotic bodies by DCs. In a recent study, Yan et al. evaluated the immunogenicity of three separate DNA plasmids coding for consensus Gag, Env, and Pol in mice and cynomolgus macaques. After three repeated low-dose immunizations, they detected IFN-␥ ELISPOT as well as proliferative responses. These responses were dominant toward Env and Pol, but Gag-specific CD8 ϩ T-cell responses remained poor (62) . These data are in contrast to those we obtained using a single dose and a single DNA expressing all genes showing an efficient priming of Gag responses.
Our comprehensive analysis of the immune responses induced by this single-dose approach suggests that the priming event plays a crucial role in imprinting long-lasting properties to the immune T-cell responses. As previously observed with the mouse model, the characteristics of vaccine-induced T-cell responses that reemerged several weeks later after the contraction phase remained very close to those detected in the primary responses. Moreover, spontaneous reemerging cells share characteristics with cells reemerging following induction by IL-15 expression. Whether T cells of these early and late responses have a similar efficacy to control the virus replication and to protect from pathogenic virus infection remain to be determined. Indeed, the heterologous challenge of immunized animals at early (8 weeks), middle (20 weeks), and late (40 weeks) time points p.i. with pathogenic SIVmac239 certainly will indicate which population of T cells is associated with protection.
Single-dose vaccination with our ⌬4SHIV KU2 vaccine both in mice and in macaques induced sustained CD8 ϩ T-cell responses predominantly composed of proliferating T cells with lytic granzyme B content, suggesting that the nature of T-cell IR induced by our DNA vaccine is not species specific. Importantly, similarly to this data, proliferative HIV-specific CD8 ϩ T cells expressing the lytic molecule perforin (Perf) with only a fraction expressing IFN-␥ were observed in the peripheral blood of long-term nonprogressor (LTNP) patients (40, 41) . In our hands, using the same protocol, we examined blood cells from two LTNP patients and also confirmed the presence of Perf ϩ IFN-␥ Ϫ CD8 ϩ T cells (data not shown). These results found in both LTNP and DNA-vaccinated animals suggest that this type of cell is induced in the absence of persistent antigen expression and is in accordance with the recent study reported by Hansen et al. (20) . The authors have shown that immunization with live recombinant vector allowing the persistent expression of Ags was associated with persistent effector memory T-cell responses responsible for the protection of rhesus macaques from mucosal SIV challenge. This is in contrast to nonpersistent vectors, which produce Ag for a limited time and elicit secondary lymphoid tissue-based or central memory T cells. These Ag-specific T cells require expansion, differentiation, and migration out of the lymphoid tissue to produce the peak of effector responses and prevent extensive replication at viral replication sites. In our mouse study, most of the vaccineelicited CD8
ϩ T cells exhibited a Tcm phenotype from the peak of the IR up to their late reemergence (5) . One cannot exclude that Tcm-like cells also have been generated in our immunized macaques. Notably, at the time the T-cell IR became undetectable, we induced the reemergence of HIV-specific CD8
ϩ T-cell responses in the periphery shortly after IL-15 DNA injection and in the absence of antigenic boost. This also may indicate that our protocol of a single ⌬4SHIV KU2 DNA injection favors the development of secondary lymphoid tissuebased HIV-specific T cells. Whether the injection of recombinant IL-15 accelerates this process of reactivation and recirculation without altering the qualitative and/or quantitative responses remains unknown. The spread of HIV-specific T cells at mucosal sites is critical. Nevertheless, macaques vaccinated with live-attenuated SIV that develop poor mucosal IR still controlled SIVmac239 virus inoculated intravenously (39) .
Consistently with our previously reported data (5, 21, 35, 54) and unlike other reports (18, 19, 37, 51, 63) , immunization with our vaccine failed to induce any detectable antibody response to any HIV antigens, likely due to the absence of a booster immunization. If both neutralizing antibodies and T-cell responses are indispensable to prevent HIV infection, as is believed currently (12, 16, 17, 25, 52) , this immunization protocol alone will not be sufficient for protection.
The major concerns with this type of vaccine in regard to safety are predominantly the potential integration of the plasmid DNA into the host genome and adverse immunopathological effects generated by the formation of anti-DNA antibodies that may lead to autoimmune disease. Since this is the first description of the use of a high dose of HIV DNA vaccine in NHP, we examined these two issues. In our recently published data, we clearly demonstrated that the great majority of primary cells transfected by our ⌬4SHIV KU2 DNA vaccine underwent apoptosis following the expression of viral proteins (4) . Assuming that this mechanism also occurs in cells express- (2, 44) . In a recent DNA vaccine study of humans, the authors found a delayed-type hypersensitivity (DTH) response at the site of DNA injection following a protein boost (27) . Taken together, persistent DNA and/or DTH may participate in the persistence and/or late reemergence of IR observed in the absence of any antigen boost in our study. Finally, the absence of anti-DNA antibodies in the sera of all immunized animals has demonstrated that our immunization protocol was not associated with the development of autoimmunity that could be responsible for SLE-like disease. Thus, we can conclude that increasing the dose of our DNA vaccine given in one shot did not result in an increase of risks linked to safety. Taken together, our comprehensive analysis demonstrated for the first time that a single high dose of HIV DNA vaccine alone is safe to induce potent, long-lasting, and polyfunctional T-cell responses in the NHP model. This approach brings new insights for the design of future HIV vaccines.
